In order to fulfil the UK government's ambitious goal of 80% reductions in greenhouse gas emissions by 2050 compared to the levels of 1990s, unprecedented measures for improving the energy efficiency of buildings are needed. This study investigates the impact of a specific type of Low-emissivity (Low-E) window film-Thinsulate Climate Control 75-on the holistic energy consumption of an existing United Kingdom (UK) hotel building. Building modelling and energy simulation software EDSL TAS is used to conduct the study. The result of the simulations demonstrates that by applying Thinsulate films, savings in heating, cooling, and total energy consumptions are achieved by 3%, 20%, and 2.7%, respectively. Also 4.1% and 5.1% savings are achieved in annual CO 2 emissions and total energy costs, respectively, while the initial costs may be an issue. This study found that application of Low-E window films results in slightly better energy performance of the hotel regarding its heating-dominant climate. The study also recommends using average annual actual energy consumption data for a time range, instead of picking a single year's data for validating purposes.
Introduction
In recent years, with professionals and public showing concerns about the potential impacts of global warming, the United Kingdom (UK) government has set the ambitious goal of 80% reduction in greenhouse gas (GHG) emissions by 2050 compared to 1990s levels [1] . This needs unprecedented levels of effort and change in many sectors to make the necessary reductions, while keeping the energy sector secure and competitive. While different sectors will endeavor to meet this target, analyses indicate that high energy saving potentials lie within the building sector [2] . Among all the elements of a building fabric, windows and glazing units contribute heavily to the energy consumption of the building [3, 4] . It has been claimed that windows can be blamed for up to 60% of a building's total energy loss [5] . The energy performance of a window is assessed through thermal transmittance (U-value), total solar energy transmittance (g-value), and air leakage [6] [7] [8] . Compared to other building elements, windows have a remarkably higher U-value [7] . Where the U-values of a new building's roof, floor, and external wall are expected to be in the range of 0.25 to 0.35 W/m 2 K, it can reach up financially viable. Karlsson and Roos [23] mentioned that when applied properly, the Low-E coatings can achieve savings up to 150 kW/m 2 of glazed area per year. The researchers also mentioned that since its introduction in early 1980s, the Low-E thin film technology had achieved its maturity by the time of the research (2001) and had secured its position as a cost-effective measure for energy savings in most cases. Romagnoni et al. [24] investigated the impact of three different glazing systems-standard double glazing, double glazing with Low-E coating and air-filled gap, double glazing with Low-E coating and Krypton filled gap-on energy consumption of an office building in different Italian climatic conditions through computer simulation. Based on the performance of the three types, the researchers claimed that the contributions of Low-E coatings to energy savings is achievable in different climatic situation. The study recommended the unit with air gap for hot climate and the unit with Krypton for cold climatic conditions. Studies by [25, 26] show that although a huge reduction in thermal emissivity is possible by applying Low-E coatings, their high production cost acts as an obstacle in a wider application of these coatings. According to the literature, the surface that the coating is applied on can change the amount of energy savings. Ye et al. [27] stated in their research that the best performance for a single layered window with Low-E coating is achieved when the coating is applied on the inner surface. Chow, Li and Lin [25] focused on cooling-dominant climates and found that by adding the Low-E coatings to the inner surface of the external layer of a double glazed window, there can be a reduction in heat gain up to 48% compared to a single clear glass, although the surface temperature exceeds 40 • C. In many cases, when the coating is applied to an existing window, it might not be possible to apply it inside the gap between the two layers. As the same study [25] shows, by applying the coating on the outer surface of the external glazing, the reductions in heat gain is less, so is the surface temperature of the window, around 35 • C. Ye et al. [27] suggested that as reduced emissivity is usually followed by a reduction in light transmittance, a Low-E coating suitable for summertime might not necessarily suit the needs of winter time. One study [28] suggested that Low-E coatings with high solar heat gain coefficient (SHGC) will perform better in heating-dominant climates, while the ones with low SHGC will be more suitable for cooling dominant conditions. Sadineni, Madala and Boehm [29] introduced additional antireflection treatment to apply on a Low-E glazing when a higher level of visible light transmittance is needed.
As the short summary above indicates, although there is a large body of knowledge about window films in general, the application of Low-E coatings on commercial/hotel buildings has not received much attention, which indicates a knowledge gap. The current study focuses on this matter and looks into the holistic impact of applying the specific films on total heating and cooling energy consumption of the building. Unlike many other studies, this study does not focus only on energy consumption, but it also investigates the potential impacts on occupants' thermal comfort. Finally, this study compares the impact of applying Low-E window films against installing Low-E window units from the start to find out how the building will benefit from each of these alternatives.
Materials and Methods
This study aims to investigate the holistic impact of a commercially available Low-E coating on the annual energy consumption and CO 2 emissions of Hilton Reading hotel, located in Berkshire, in the southeast of the UK. In order to have a base for investigating the impact of Low-E coatings, the hotel building in its current situation is modelled in EDSL TAS version 9.4.4 software. TAS is designed by the Engineering Development Solutions Limited (Milton Keynes, UK) and comprises different modules such as 3D Modeller, Building Simulator, Systems, etc., that simulate the thermal performance of the building and estimate the building's energy consumption. TAS provides the opportunity to combine the dynamic thermal simulation of the building with control functions over natural and mixed mode ventilations [13] . A detailed description about the software and its capabilities can be found in [30, 31] .
Apart from the floor plans, information about building fabric, heating and cooling system specification, internal conditions, and occupancy profiles are needed as input data for the software. As obtaining the exact data about internal conditions of different spaces within a hotel can be very difficult, if not impossible, and due to constantly changing nature of occupancy profiles, the National Calculation Methodology's (NCM) standard profiles for hotels are employed. This estimated energy consumption is then validated against the actual energy consumption data of the hotel to verify the reliability of the simulation. Finally, the Low-E window films are applied to the verified model to assess the overall impact.
As mentioned previously, the selected building for this study is Hilton Reading hotel, which is in Reading, Berkshire in the United Kingdom. The building has a total floor area of 12,360 m 2 . The ground floor encompasses areas such as the reception, lobby, restaurant, hall, administrative and meeting rooms, and laundry. The hotel also has a swimming pool and gym located on the ground floor level. First, second, and third floors accommodate 210 ensuite guest rooms. The building façade is mostly covered in curtain wall with a double-glazed unit comprising two 4 mm clear panes with a 50 mm air-filled gap. As the building was built in 2009, it complies with the 2006 UK building regulation [13] . The building is sealed and fully air conditioned. The heating and cooling are provided through the air handling units (AHUs) located on the roof and fan coil units (FCUs). Six gas-fired boilers are responsible for providing the domestic hot water (DHW). The building geometry and a typical floor plan are shown in Figure 1 . Calculation Methodology's (NCM) standard profiles for hotels are employed. This estimated energy consumption is then validated against the actual energy consumption data of the hotel to verify the reliability of the simulation. Finally, the Low-E window films are applied to the verified model to assess the overall impact. As mentioned previously, the selected building for this study is Hilton Reading hotel, which is in Reading, Berkshire in the United Kingdom. The building has a total floor area of 12,360 m 2 . The ground floor encompasses areas such as the reception, lobby, restaurant, hall, administrative and meeting rooms, and laundry. The hotel also has a swimming pool and gym located on the ground floor level. First, second, and third floors accommodate 210 ensuite guest rooms. The building façade is mostly covered in curtain wall with a double-glazed unit comprising two 4 mm clear panes with a 50 mm air-filled gap. As the building was built in 2009, it complies with the 2006 UK building regulation [13] . The building is sealed and fully air conditioned. The heating and cooling are provided through the air handling units (AHUs) located on the roof and fan coil units (FCUs). Six gas-fired boilers are responsible for providing the domestic hot water (DHW). The building geometry and a typical floor plan are shown in Figure 1 . As demonstrated in Figure 1 , the building is mostly elongated in north-south direction with massive glazing area facing east and west. A smaller fraction of the building comes with glazed area facing north-east and south-west. In general, a building's orientation affects the energy consumption. In heating-dominant locations, using south facing windows in order to benefit from direct solar gain can help in reducing heating demand. Also, west-facing glazing can result in too much solar gain during the cooling dominant time of the year, when less solar gain is favourable. The current orientation of the building results in less solar gain during the time when more solar gain is desirable, and more solar gain during the April-September period compared to an East-West Orientation. Hence, the current orientation of the building has resulted in more heating energy consumption during the colder months of the year and more cooling energy consumption during April-September (F Like other thermal modelling and simulation software, TAS requires weather files to predict the energy consumption of a building. Two types of weather files that can be used with TAS are test reference year (TRY) and design summer year (DSY). DSY files are used for overheating analysis, while TRY is suitable for analysing the average energy consumption of a building-and it is also used for compliance with the UK building regulation [32] . Currently, the TRY weather files are available As demonstrated in Figure 1 , the building is mostly elongated in north-south direction with massive glazing area facing east and west. A smaller fraction of the building comes with glazed area facing north-east and south-west. In general, a building's orientation affects the energy consumption. In heating-dominant locations, using south facing windows in order to benefit from direct solar gain can help in reducing heating demand. Also, west-facing glazing can result in too much solar gain during the cooling dominant time of the year, when less solar gain is favourable. The current orientation of the building results in less solar gain during the time when more solar gain is desirable, and more solar gain during the April-September period compared to an East-West Orientation. Hence, the current orientation of the building has resulted in more heating energy consumption during the colder months of the year and more cooling energy consumption during April-September (Figure 2 ). As demonstrated in Figure 1 , the building is mostly elongated in north-south direction with massive glazing area facing east and west. A smaller fraction of the building comes with glazed area facing north-east and south-west. In general, a building's orientation affects the energy consumption. In heating-dominant locations, using south facing windows in order to benefit from direct solar gain can help in reducing heating demand. Also, west-facing glazing can result in too much solar gain during the cooling dominant time of the year, when less solar gain is favourable. The current orientation of the building results in less solar gain during the time when more solar gain is desirable, and more solar gain during the April-September period compared to an East-West Orientation. Hence, the current orientation of the building has resulted in more heating energy consumption during the colder months of the year and more cooling energy consumption during April-September (F Like other thermal modelling and simulation software, TAS requires weather files to predict the energy consumption of a building. Two types of weather files that can be used with TAS are test reference year (TRY) and design summer year (DSY). DSY files are used for overheating analysis, while TRY is suitable for analysing the average energy consumption of a building-and it is also used for compliance with the UK building regulation [32] . Currently, the TRY weather files are available Like other thermal modelling and simulation software, TAS requires weather files to predict the energy consumption of a building. Two types of weather files that can be used with TAS are test reference year (TRY) and design summer year (DSY). DSY files are used for overheating analysis, while TRY is suitable for analysing the average energy consumption of a building-and it is also used for compliance with the UK building regulation [32] . Currently, the TRY weather files are available for 14 locations within the UK, and Reading is not one of these 14 locations. Reading is about 40 miles from Central London, which is the closest weather station. Therefore, the current London TRY weather file will be used in this study, issued by Chartered Institute of Building Services Engineers (CIBSE).
As this is a continuation of a previous study [13] , the Low-E window films from the same manufacturer, 3M company [33] , are used in this study, with the commercial name of Thinsulate Climate Control 75 and a transparent look. It also offers improvement in Low-E characteristics compared to similar products. Figure 3 shows all the possible alternatives for positioning a coating on a double-glazed window unit. Thinsulate films cannot be exposed to the external environment, which means ruling out alternative 1 of Figure 3 . When a double-glazed unit is designed to be of Low-E quality from the start, the Low-E layer will be applied within the gap between two windowpanes and the internal surface of the external windowpane, alternative 2. But when the coating is applied on an existing window, it is usually not possible to have it positioned on either of the alternatives 2 or 3. Therefore, it is only applicable to apply Thinsulate film in a position such as alternative 4 of the Figure 3 .
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Results

Validating the Simulation Results Against the Actual Data
Baseline Model Energy Simulation
As mentioned earlier, the first step in the process of energy simulation is to investigate the energy consumption of the hotel in its existing form, prior to applying any retrofitting measure. TAS simulation accounts for heating, cooling, DHW, equipment, lighting, and auxiliary energy consumptions. In addition, simulation considers environmental energy consumption for catering activities-e.g., the lighting needed for cooking, without considering the energy used for food preparation. As it has been discussed thoroughly by [13, 34] , the operational catering energy consumption should be added to the TAS results, which is 2.54 kWh for fuel and 1.46 kWh for electricity per meal served in the hotel [35] . Figure 4 shows the energy consumption in the baseline model before and after adding the catering energy consumption, based on the actual number of meals served in the hotel. As it can be observed from the tables, apart from minor differences in behaviour towards the visible light, there are major differences between the two types of coating for the G-value, heat gain/loss reductions, and emissivity. Based on this information, the Thinsulate coating lets more solar gain through the glazing compared to the sun control films. Therefore, the sun control films perform better in the summer. Another important factor to consider is that the sun control films do not contribute towards the heat loss reductions, while the Thinsulate can significantly reduce the heat loss through glazing-which is favourable for winter. This quality is achieved through a significantly lower emissivity rate for the Thinsulate film. In addition, as the hotel is located in a heating-dominant climate, the improved performance in heat loss reductions might be of more importance in energy saving field.
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Actual Annual Consumption
As an important step in analysing and interpreting the data from a simulation tool, the energy consumption predicted by the software needs to be validated against the actual energy consumption data. The actual energy consumption varies from year to year ( Figure 5 ). As an important step in analysing and interpreting the data from a simulation tool, the energy consumption predicted by the software needs to be validated against the actual ener Among different physical and operational elements that can affect energy consumption of a hotel-e.g., size, level of facilities, weather conditions, occupancy rate, and even thermal preference of the guests [36] -weather conditions and occupancy rates are most likely to change from one year to another. Looking at the monthly occupancy rate of the hotel during this period, Figure 6 shows that changes to occupancy rates of different years are similar, especially from 2012 onwards. Therefore, the changes in annual energy consumption cannot be attributed to occupancy rate, although there is a correlation between the two as demonstrated in Table 3 . This is consistent with the literature, where it is suggested that the impact of occupancy rates on hotels' energy consumption becomes obvious when there is significant changes to occupancy rate, and it goes well below 70% [37] .
A close look at the monthly energy consumption and its breakdown into natural gas and electricity suggests that changes in monthly energy consumption have a significant similarity to those of gas consumptions, as opposed to the pattern of change in electricity consumption ( Figure 7) .
As the UK is a heating-dominant country, the strong impact of heating demand on the total energy consumption of the building is no surprise and can be demonstrated statistically. Table 4 shows the result of a regression analysis carried out to investigate the impact of heating degree days (HDDs) on total energy consumption. HDD is the measurement to quantify the demand for energy needed in order to heat a building based on the difference between a reference temperature (15.5 °C in the UK) and outdoor temperature [38] . Therefore, the weather conditions have a significant impact on the energy consumption of this hotel, which is consistent with the literature. Among different physical and operational elements that can affect energy consumption of a hotel-e.g., size, level of facilities, weather conditions, occupancy rate, and even thermal preference of the guests [36] -weather conditions and occupancy rates are most likely to change from one year to another. Looking at the monthly occupancy rate of the hotel during this period, Figure 6 shows that changes to occupancy rates of different years are similar, especially from 2012 onwards. Therefore, the changes in annual energy consumption cannot be attributed to occupancy rate, although there is a correlation between the two as demonstrated in Table 3 . This is consistent with the literature, where it is suggested that the impact of occupancy rates on hotels' energy consumption becomes obvious when there is significant changes to occupancy rate, and it goes well below 70% [37] .
As the UK is a heating-dominant country, the strong impact of heating demand on the total energy consumption of the building is no surprise and can be demonstrated statistically. Table 4 shows the result of a regression analysis carried out to investigate the impact of heating degree days (HDDs) on total energy consumption. HDD is the measurement to quantify the demand for energy needed in order to heat a building based on the difference between a reference temperature (15.5 • C in the UK) and outdoor temperature [38] . Therefore, the weather conditions have a significant impact on the energy consumption of this hotel, which is consistent with the literature. 
Choosing the Representative Data
As discussed in the previous section, if the hotel experiences extreme weather conditions, e.g., an extremely cold winter, the annual energy consumption of the hotel will increase accordingly. In a broader view, the energy consumption data for that extremely cold year may not be a proper representative of the annual energy consumption, which brings about the idea of using an average energy consumption of a time range for validating the simulation data rather than picking a random year. As shown in Figure 8a , the percentage error between TAS results and different years' actual consumption ranges from below 5% up to above 20%. In the case of using the nine-year average consumption-from 2010 to 2018-the percentage error is around 12%. Figure 8b shows that the lines for TAS results and the average consumptions follow a very similar pattern. As discussed in the previous section, if the hotel experiences extreme weather conditions, e.g., an extremely cold winter, the annual energy consumption of the hotel will increase accordingly. In a broader view, the energy consumption data for that extremely cold year may not be a proper representative of the annual energy consumption, which brings about the idea of using an average energy consumption of a time range for validating the simulation data rather than picking a random year. As shown in Figure 8a , the percentage error between TAS results and different years' actual consumption ranges from below 5% up to above 20%. In the case of using the nine-year average consumption-from 2010 to 2018-the percentage error is around 12%. Figure 8b shows that the lines for TAS results and the average consumptions follow a very similar pattern. The discrepancies in the direction of the lines during May-August in Figure 8b are attributable to the fact that TAS uses the London weather file where the summer temperatures tend to be higher compared to the actual situation in Reading (Figure 9 ). Therefore, TAS predicts a higher usage of air conditioning, which results in higher energy consumption for that period. The discrepancies in the direction of the lines during May-August in Figure 8b are attributable to the fact that TAS uses the London weather file where the summer temperatures tend to be higher compared to the actual situation in Reading (Figure 9 ). Therefore, TAS predicts a higher usage of air 
Model with Window Films
The results of the next step, applying the Thinsulate coatings on all external windows, are presented in this section. As mentioned earlier, due to its application as a retrofitting measure on an existing window, it is only practicable to apply the coating on the internal surface of the inner pane (see Figure 3) . However, another set of modelling and simulation was carried out to investigate the results of having the same Low-E coating on the internal surface of the outer pane (alternative 2 of Figure 3) . Therefore, the graphs in this section demonstrate the results of three models:
• Baseline model: Hotel building in its existing state.
•
Model with Thinsulate film: Model with Thinsulate film applied as a retrofitting measure on the internal surface of the inner windowpane.
• Model with Low-E double glazed unit (DGU):
Model with a newly installed Low-E coated double glazed window unit.
Whenever the text is referring to models with Thinsulate film and models with Low-E DGU at the same time, they are mentioned as the retrofitted models. Also, all the figures in this section are excluding the catering energy consumption. Figure 10a shows the energy consumption of the three models. As shown, the energy use intensity (EUI)-total energy used by the building in one year divided by the gross floor area-for both retrofitted models are decreased compared to that of baseline model, with reductions happening in heating, auxiliary, and cooling energy consumptions. Figure 10b compares the amount of these reductions in the three models. Several points are observed from this illustration:
•
The reduction in total energy consumption is 4% for the model with Low-E DGU, and 2.7% for the model with Thinsulate, compared to the baseline model.
Heating and cooling consumptions are both reduced in the retrofitted models. Therefore, in this aspect, Low-E films can demonstrate a better performance (although not significantly) compared to sun control films. 
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•
Heating and cooling consumptions are both reduced in the retrofitted models. Therefore, in this aspect, Low-E films can demonstrate a better performance (although not significantly) compared to sun control films.
• The maximum reductions in different end use consumptions occur in auxiliary consumption, 14.9% for the model with Thinsulate and 16.7% for the model with Low-E DGU, which is due to a reduced usage of fans and pumps, as both heating and cooling energy consumptions are decreased.
The main difference between the two retrofitted models comes with their impact on reducing heating energy consumptions. The 17% reduction in heating energy consumption achieved in the model with Low-E DGU outweighs the 3% reduction received in the model with Thinsulate. This is consistent with the literature, where it states the maximum function of Low-E glazing/films is achieved when they are applied on the external layer. The two models show similar reductions in cooling energy consumption, around 20%.
The Low-E coating (regardless of its position) reduces the light transmittance-in the case of this study, the reduction is 20%. However, the lighting energy consumption is unaffected, which can be justified as below:
1.
The NCM profile for hotels considers areas such as guestrooms to be vacant during the day (from 09:00 to 21:00) and occupied in the late afternoon/evening when there is already the need for using artificial lighting. Therefore, a reduced light transmittance will not increase the need for lighting in the guestrooms.
2.
Areas with constant use such as the restaurant, lobby, and gym keep their lights on during their active time as part of the hospitality policy. Therefore, a reduced light transmittance will not increase the need for lighting in these areas, as well. Figure 11 compares the monthly energy consumption of the three models. The amount of energy savings caused by Thinsulate film is not the same throughout the year, with the reductions being more obvious from April to October; however, the maximum savings in monthly consumption happen in January and December. With the UK climate being mostly heating-dominant, and the highest monthly energy consumption occurring in January and December, any measure that can reduce the heating consumption will be of high importance. As mentioned earlier, Low-E coatings can contribute to this through a reduction in heat loss caused be a low emissivity.
Simulation results have demonstrated improvement in monthly total energy consumption and annual heating/cooling energy consumption for both retrofitted models. As it is related to the context of this study, monthly heating and cooling energy consumptions are also shown in Figure 12 .
The maximum saving in heating energy consumption occurs in January and December, when an increase in heating demand occurs. The Thinsulate film's ability to trap the heat inside the space reduces the heat loss and, subsequently, the heating energy consumption. On the other hand, the maximum saving to cooling energy consumption occurs in July, where the Thinsulate film's ability to reduce solar gain outperforms its inherent ability to trap heat inside, and results in reducing the need for cooling. It is understood from these two figures (Figure 12a,b) that Thinsulate films show their highest performance during the peak heating and cooling demands and out of this period, their contribution to energy savings is not significant, e.g., an increase in heating energy consumption occurs in March, April, May, and October (Figure 12a ). This is attributable to the fact that during these months, the Thinsulate film's impact on reducing the solar heat gain outweighs its ability to trap heat inside the space.
(a) Energy consumption breakdown for the three models.
(b) The impact of Low-E coatings on different end use energy consumption. 
can contribute to this through a reduction in heat loss caused be a low emissivity. Simulation results have demonstrated improvement in monthly total energy consumption and annual heating/cooling energy consumption for both retrofitted models. As it is related to the context of this study, monthly heating and cooling energy consumptions are also shown in Figure 12 . The maximum saving in heating energy consumption occurs in January and December, when an increase in heating demand occurs. The Thinsulate film's ability to trap the heat inside the space reduces the Changes to CO 2 emission rates are given in Figure 13 . By applying Thinsulate films, annual CO 2 emissions of the hotel are reduced by 4.1%. In the case of the model with Low-E DGU, annual reductions could reach 5.3% (Figure 13a ). As the CO 2 conversion factor for electricity is bigger than that of natural gas-0.519 kg/kWh and 0.216 kg/kWh, respectively-savings in electricity result in higher reduction in CO 2 emissions. Therefore, as shown in Figure 13b , the difference between emissions in the baseline model and the retrofitted models is bigger during the cooling-dominant time of the year, where the electricity consumption is the highest. The maximum reduction happens in July.
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(a) Annual CO2 emissions of the three models.
(b) Monthly CO2 emissions of the three models. A further step in evaluating the viability of using Thinsulate films is to take a closer look at how the energy savings occur. Although the savings to monthly/annual heating/cooling energy were discussed earlier, it is noteworthy to investigate the impact on gas/electricity consumption, especially as electricity is more expensive than natural gas. Figure 14 demonstrates the savings in natural gas and electricity consumption. As natural gas is consumed to provide heating energy and DHW, its reduction is similar to that of heating energy consumption, while the reduction in electr With the UK government gas and electricity prices for non-domestic sectors including Climate Change Levy rates [40] , Figure 15 shows the changes to electricity, gas. and total fuel consumption costs. The prices for a medium-sized consumer for 2018 follow as below: With the UK government gas and electricity prices for non-domestic sectors including Climate Change Levy rates [40] , Figure 15 shows the changes to electricity, gas. and total fuel consumption costs. The prices for a medium-sized consumer for 2018 follow as below:
• Electricity: 11.53 Pence/kWh • Natural gas: 2.371 Pence/kWh Therefore, by applying Thinsulate films, there would be a saving of 12,400 GBP in annual energy costs compared to the energy costs of the baseline model. Regarding the price difference between electricity and gas, the saving in annual costs comes mostly from electricity cost reductions.
The impact of applying Thinsulate films on guests' thermal comfort is also investigated. Among all the factors affecting a thermal environment-temperature, humidity, air velocity, clothing insulation, and level of activity [41] -temperature is the only aspect of thermal comfort in this study that is affected, as all other factors remain the same. If the operative temperature-a combination of the room air temperature and radiant temperature [18] -undergoes a change of 2 to 3 °C, there will be a tangible change to the thermal comfort of the occupants [41] .
The recommended operative temperature by CIBSE for hotel guestrooms during winter and summer time are 19 to 21 °C and 21 to 25 °C, respectively [41] . Figure 16 shows the average operative temperature in guestrooms during the peak of heating-and cooling-dominant times of the year. Therefore, by applying Thinsulate films, there would be a saving of 12,400 GBP in annual energy costs compared to the energy costs of the baseline model. Regarding the price difference between electricity and gas, the saving in annual costs comes mostly from electricity cost reductions.
The impact of applying Thinsulate films on guests' thermal comfort is also investigated. Among all the factors affecting a thermal environment-temperature, humidity, air velocity, clothing insulation, and level of activity [41] -temperature is the only aspect of thermal comfort in this study that is affected, as all other factors remain the same. If the operative temperature-a combination of the room air temperature and radiant temperature [18] -undergoes a change of 2 to 3 • C, there will be a tangible change to the thermal comfort of the occupants [41] .
The recommended operative temperature by CIBSE for hotel guestrooms during winter and summer time are 19 to 21 • C and 21 to 25 • C, respectively [41] . Figure 16 shows the average operative temperature in guestrooms during the peak of heating-and cooling-dominant times of the year. Therefore, by applying Thinsulate films, there would be a saving of 12,400 GBP in annual energy costs compared to the energy costs of the baseline model. Regarding the price difference between electricity and gas, the saving in annual costs comes mostly from electricity cost reductions.
The recommended operative temperature by CIBSE for hotel guestrooms during winter and summer time are 19 to 21 °C and 21 to 25 °C, respectively [41] . Figure 16 shows the average operative temperature in guestrooms during the peak of heating-and cooling-dominant times of the year.
(a) Operative temperature in January. As shown in Figure 16a , during January all three models have temperatures within the CIBSE recommended range, with Thinsulate films providing a slightly higher temperature that can be favourable during winter. During the summer-May to August-all three models frequently exceed the upper limit of the CIBSE recommendation (Figure 16b) , with the percentage of hours over the recommended temperature being 83%, 78%, and 79% for the baseline model, model with Thinsulate, and model with Low-E DGU, respectively. Table 5 compares the findings of this study with that of the previous study on sun control window films done by Bahadori et al. [13] . Other multi-story hotel buildings within the UK or other locations with similar climate might benefit from the findings of this study. As shown in Figure 16a , during January all three models have temperatures within the CIBSE recommended range, with Thinsulate films providing a slightly higher temperature that can be favourable during winter. During the summer-May to August-all three models frequently exceed the upper limit of the CIBSE recommendation (Figure 16b) , with the percentage of hours over the recommended temperature being 83%, 78%, and 79% for the baseline model, model with Thinsulate, and model with Low-E DGU, respectively. Table 5 compares the findings of this study with that of the previous study on sun control window films done by Bahadori et al. [13] . Other multi-story hotel buildings within the UK or other locations with similar climate might benefit from the findings of this study. 
Discussion
As discussed in Section 3, using Thinsulate window films results in reductions of annual energy consumption and emissions, alongside savings in energy costs. Also, it does not impose any adverse effects on occupants' thermal comfort. While these findings indicate a better performance of Thinsulate films over solar control films, it is important to consider the costs of purchase and installation of the window films.
Based on the information from the manufacturer and the distributor, the price per square meter of glazing (material purchase and installation) for this hotel is approximately 122 GBP for solar control films and 135 GBP for Thinsulate window films (the prices are excluding value-added tax (VAT)). Regarding the area of clear glazing in the building façade that is approximately 1900 square meter, the cost of material and installation of solar control films or Thinsulate films would be around 232,000 or 265,500 GBP, respectively.
Although the actual energy consumption of the hotel is higher than that of baseline model (see Figure 8 )-hence savings in energy cost could be higher than the 12,400 GBP already mentioned-this gap can be attributed to different things such as the electricity used by lifts (that TAS does not account for) and different patterns of using air conditioning systems in the guest rooms etc. In order for the hotel owners to decide on the cost effectiveness of adding window films, it is essential to know how much of the actual energy consumption of the hotel can be reduced by applying the films. This is not possible until a further breakdown of the annual energy consumption to different end uses, i.e., air conditioning, lighting, DHW etc., becomes available.
Conclusions
This work presented a study on investigating the impact of applying a specific type of Low-E window film, commercially known as Thinsulate Climate Control 75, on energy consumption of an existing hotel in the UK. A previous study [13] on the same building investigated the impact of solar control films from the same manufacturer.
Analysis of the actual consumption data for the years 2010 to 2018 showed that, unlike occupancy rate, the climatic situation could have a significant impact on annual energy consumptions. Moreover, as extreme weather conditions do not occur very often, the use of average consumption data for a time range is more reliable than a random year for validating the energy simulation results.
The results from the simulation showed that Thinsulate window films are capable of reducing the heating and cooling consumption by 3% and 20%, respectively, resulting in a 2.7% saving in total energy consumption. Applying Thinsulate films reduces the need for heating and cooling in the peak heating-and cooling-dominant times of the year. This is an advantage of Thinsulate films over sun control films. A reduction of 4.1% can be achieved in annual CO 2 emissions by applying Thinsulate films. Also, with less than a 1% reduction in gas cost and a 6.8% reduction in electricity costs, an overall saving of 5.1% is achieved in total energy consumption. Overall, while sun control films show a better performance in reducing cooling demand, Thinsulate films perform better in reducing total annual energy consumption, caused by reducing heating and cooling demand, resulting in improvements in annual emission and energy cost reductions. Regarding the relatively high cost of material and installation of window films, the decision on cost effectiveness of the measure needs further breakdown of actual energy consumption into its different end uses. Funding: This research received no external funding.
